Paradoxical Behavior in Groundwater Levels in Response to Precipitation Events by Shelters, Alexandra
Wright State University 
CORE Scholar 
Browse all Theses and Dissertations Theses and Dissertations 
2019 
Paradoxical Behavior in Groundwater Levels in Response to 
Precipitation Events 
Alexandra Shelters 
Wright State University 
Follow this and additional works at: https://corescholar.libraries.wright.edu/etd_all 
 Part of the Earth Sciences Commons, and the Environmental Sciences Commons 
Repository Citation 
Shelters, Alexandra, "Paradoxical Behavior in Groundwater Levels in Response to Precipitation Events" 
(2019). Browse all Theses and Dissertations. 2090. 
https://corescholar.libraries.wright.edu/etd_all/2090 
This Thesis is brought to you for free and open access by the Theses and Dissertations at CORE Scholar. It has 
been accepted for inclusion in Browse all Theses and Dissertations by an authorized administrator of CORE 















A Thesis submitted in partial fulfillment of the 
requirements for the degree of  












Wright State University 
 




I HEREBY RECOMMEND THAT THE THESIS PREPARED UNDER MY 
SUPERVISION BY  Alexandra Shelters ENTITLED  Paradoxical Behavior in 
Groundwater Levels in Response to Precipitation Events BE ACCEPTED IN PARTIAL 
FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF Master of 
Science. 
__________________________ 




Robert W. Ritzi, Jr., Ph.D 
Chair, Earth and Environmental 
Sciences 
Committee on Final Examination: 
 
________________________________ 
David F. Dominic, Ph.D. 
 
________________________________ 
Robert W. Ritzi, Jr., Ph.D. 
 
________________________________ 




Barry Milligan, Ph.D. 






Shelters, Alexandra. M.S., Department of Earth and Environmental Sciences, 
Wright State University, 2019. Paradoxical Behavior in Groundwater Levels in 
Response to Precipitation Events. 
 
 
Groundwater levels are expected to fluctuate with precipitation, rising when 
precipitation increases and falling when it decreases. However, observations often show 
that groundwater levels rise in months when precipitation has decreased from the 
previous month, or alternately, falls in months when precipitation has increased from the 
previous month. Such paradoxical behavior is documented in a 30-year record for a 
monitoring well in southwestern Ohio. This record was analyzed to evaluate the 
hypothesis that mass balance controls the change in groundwater level such that 
changes cannot be predicted solely from monthly changes in precipitation. Though 
precipitation may vary from one month to the next, if the amount of precipitation 
recharging a system is not proportional to the amount leaving, storage will fluctuate. This 
mass balance approach was applied to this single monitoring well. Recharge was 
estimated from existing records of precipitation utilizing three approaches: (1) potential 
evaporation (PET), (2) pan evaporation, and (3) Thornthwaite and Mather calculations. 
Each of these estimates was utilized in an interpretive numerical model meant to 
represent only the gross hydraulic aspects of the aquifer. Results showed that the mass 
balance was not sensitive to the method by which recharge was estimated. For the 
months December to January, approximately 46% of the instances show paradoxical 
rising head behavior for all three estimates of recharge. For the months January to 
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February, 42% to 46% of the instances show paradoxical rising head behavior, 
depending on the method used to estimate recharge. These results strongly support the 
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 The water level in groundwater monitoring wells, hydraulic head hereafter, varies 
throughout the year. Figure 1 shows a time series of hydraulic head from a 30-year 
period of monthly measurements in a monitoring well (MW2) located within a Silurian 
limestone aquifer in southwest Ohio (Vasko et al., 2017).  The general behavior shows 
head rising when winter and spring recharge into the aquifer exceed outflow.  It also 
shows head falling in late spring and early summer when precipitation generally 
decreases and evapotranspiration increases such that recharge into the aquifer is less 
than outflow.  
 
 
Figure 1– Time series of monthly measurements of hydraulic head in monitoring well MW2 located in a 
limestone aquifer in Xenia Township, southwest Ohio.  Data are from Vasko et al. (2017). 
 
Precipitation also varies throughout the year.  Figure 2 shows a time series of the total 
monthly precipitation over a three-year period, as measured in the southwest Ohio 
precipitation region that includes the MW2 monitoring well (ODNR, 1996-1998).  Of 





















observed at the beginning of a year.  Precipitation and estimated recharge (Figure 2 
bottom) typically decrease from January to February, and yet hydraulic head commonly 
rises paradoxically.  The hypothesis of this thesis is that the paradoxical rising head 
behavior can be explained simply through a consideration of mass balance.  While 
precipitation and recharge typically decrease from January to February, the amount of 
recharge in February still exceeds outflow from the aquifer, and thus there is a net gain 
in groundwater storage and a concomitant increase in hydraulic head. 
 
Figure 2– Hydraulic head fluctuations in comparison to (top) cumulative total monthly precipitation and 
(bottom) estimated recharge during 1996-1998.  Paradoxical rising head behavior is circled. 
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2. Location of Study area and Sources of Data 
Location of Study 
 Here the focus is on paradoxical behavior observed in a 30-year record of 
precipitation and water level changes available in southwest Ohio (Vasko et al., 2017). 
Groundwater data is available from monitoring wells located in Greene County, Ohio, 
within Xenia Township (Fig. 3). These monitoring wells are located near the southern 
limit of the Brassfield Formation of Silurian age (Figure 4; stratigraphic terms adopted 
from Ohio Division of Geological Survey, 1990). The Brassfield Formation is composed 
of limestone and serves as an upland, bedrock-aquifer that can support groundwater 
production from individual residential wells.  It is overlain by a cover of glacial till on the 
order of 3 m thick. In southwestern Ohio, the Brassfield Formation is underlain by the 
Drakes Formation, which is composed of alternating beds of limestone and shale. Within 
the study area, the Drakes Formation acts as a regional aquiclude of ultra-low 
permeability. 
  




Figure 4– Ohio carbonate bedrock map with location of Greene County.  Schumacher et al. (2012). 
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The study area is not impacted by the presence of any nearby municipal wellfields or 
urbanization.  The area is bordered by two-lane roads used for local transportation, with 
a few residences present.  Groundcover is composed largely of farmland and grasses 
with some lightly forested areas (Fig. 5).  Farmland in the area does not contain large-
scale irrigation systems and depends upon precipitation for crop growth.  Due to the low 
relief, absence of surface drainage within the study area, thin till cover, and fractures, 
root holes, and sand lenses within the till, precipitation that is not evapotranspired mostly 
recharges the near-surface aquifer. 
 
Figure 5– Satellite image of study area showing land use. Light green, brown, and cream colored areas are 
agricultural fields; dark green areas are tree–covered; bright white areas are residential areas. Red star 




 As shown in Figures 6 and 7, 
monitor well MW2 is relatively centrally 
located in the study area and is open 
throughout the limestone unit and 
terminates on the contact of the underlying 
Drakes shale at the base of the well.  
Figure 7 shows the long–term average 
water level in blue, which is 289.11 meters 
above sea level.  Water levels were 
measured monthly from February 1986, to 
December 2016 (Vasko, et al., 2017).  I 
used MW2 for the analyses of paradoxical 
behavior which follow. 
 
Precipitation data for the “Southwest Region of 
Ohio” is available for all years as monthly 
averaged totals from Ohio Department of 
Natural Resources (Kirk, S. C., 2018). In 
addition, daily precipitation data collected in a 
location near the study area is available for 
some years (Cox, 2017).  
 
 
Figure 6– Location of monitoring well MW2 
Figure 7– Well log for MW2 showing overlaying 
glacial till, the screened limestone area, and 
underlaying shale unit at the base. 
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3. Estimating Recharge 
 Table 1 gives the long-term average precipitation for each month.  Note that the 
average for February is less than the average for January.  There are fewer days in 
February than January; however, February still has less precipitation per day when 
monthly precipitation is normalized on a per day basis.   
Unlike precipitation and hydraulic head, groundwater recharge is not readily 
measured and usually it must be estimated for a given location.  This is the case for the 
study area.  Methods of estimating recharge are discussed by Healy (2010) and by 
Dumochelle and Schiefer (2002).  With any method, there is large uncertainty in the 
estimates.   For the purpose of this study three different methods were used to estimate 
average monthly recharge from monthly precipitation. In all three methods, it is assumed 
that overland flow is negligible given the low relief and lack of surface streams, and that 
frozen ground and snowpacks generally persist for less than a month, and thus that all 
precipitation that is not evapotranspired becomes recharge within the time window of 
one month.  This assumption is supported by the work of Lawson (1989), who measured 
the movement of nitrate-laced recharge through the type of till found in the study area 































































































































































































































































































































































































































































































































































































3.1 Potential Evapotranspiration (PET) 
 In the first method, estimates for potential evapotranspiration were taken from 
Northeast Regional Climate Center (NRCC) as given by DeGaetano et al. (1994). These 
are shown in Table 2.  The PET value represents estimates of the average monthly PET 
for a grass-covered surface based on the NRCC’s adaptation of the MORECS model, 
which uses hourly climate data collected at first-order weather stations to produce the 
monthly PET sums. The PET values reflect an average PET for each month based on 










































































































































































































 The MORECS (British Meteorological Office Rainfall and Evaporation Calculation 
System) is based on the Penman-Monteith equation (Thompson et al., 1981). This 
physically-based method is used to estimate evaporation from a surface other than open 
water and takes into account evaporation based on hourly cloudiness, dew point, and 
station pressure observations, as well as surface albedo and net long wave radiation, 
using the methods described in DeGaetano et al. (1994).  Precipitation is adjusted for 
plant interception, using an adjustment factor from Thompson et al. (1981).  Runoff, 
water budget calculations, and modifications for winter conditions, which take into 
account any snow cover and temperature, are also used in the MORECS model.  Due to 
the nature of its reliance on physically based data, the MORECS model method is well 
suited for precise calculations of recharge over short time spans.  As noted before, the 
values used for this study are for grass covered areas and are long-term monthly 
averages for a 21 year span.  The NRCC’s model uses solar radiation, air temperature, 
vapor pressure, and wind speed to estimate both potential and actual 
evapotranspiration.  The NRCC has made numerous changes to the MORECS model to 
make it suitable for its purposes, including the use of measured rather than modeled 
shortwave radiation; a revised calculation for longwave radiation loss; and exchanges in 
phenological and crop parameters (DeGaetano et al., 1994).  
   
  
3.2 Pan Evaporation 
 Recharge was also calculated from long-term average monthly precipitation by 
subtracting the average monthly evaporation values for Greene County available 
through the Natural Resources Conservative Service (NRCS) division of the United 
States Department of Agriculture (USDA). These data are given in Table 3.  Average 
monthly evaporation values by county are given in the NRCS Field Office Technical 
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Guide (FOTG) for the state of Ohio and were developed by the methods outlined in 
NOAA Technical Report NWS33 (Farnsworth, et al.,1982).  While these values do not 
include the process of plant transpiration of moisture from soil, transpiration is negligible 
in the winter months of interest in this study, and potential evaporation alone exceeds 
precipitation in the summer months, so that recharge is negligible even without 
accounting for transpiration. 






























































































































































































3.3 Thornthwaite and Mather Calculations 
 In a third method, recharge was calculated by subtracting potential 
evapotranspiration computed using the Thornthwaite method from the long-term average 
monthly precipitation values for southwest Ohio.  This method takes into account the 
Monthly Thornthwaite Heat Index, the Annual Heat Index as the sum of the Monthly 
Head Indices, a Potential Evapotranspiration (PET) estimation for each month, and a 
correction according to the real length of the month and theoretical sunshine hours for 
the latitude of location. 
 To calculate the Potential Evapotranspiration (PET) with the Thornthwaite 
method the average monthly air temperature for Greene County was required. This 
information came from the Greene County Ohio Convention and Visitors Bureau website 
(Midwest Climate: Climate Summaries).  Average monthly temperature, heat index, 













































































































































































































































































































































































4. Numerical Modeling and Study of Mass Balance 
 
4.1 Mass Balance 
 Paradoxical behavior in hydraulic head versus recharge can be explained 
through the relationship of mass balance, where recharge, R(t), minus the water flowing 
out, O(t), is equal to the change in storage (equation 1). 
 
𝑅(𝑡) − 𝑂(𝑡) = 𝑆𝑦 
ℎ(𝑡)
𝑑𝑡
  (1) 
 
 where: 
 R(t) = inflow to the aquifer (L3/T) 




 = change in storage shown as specific yield over time (L3/T) 
Head levels within an aquifer cannot rise unless there is more inflow recharging the 
system than outflow leaving. Conversely, hydraulic head cannot decrease unless there 
is more outflow leaving the system than there is inflow..  Equation (1) represents a linear 
reservoir if O(t)=a(h-h°).  A graphical representation of linear reservoir behavior can be 
seen in Figure 8.  In this graph, the condition of steady state, R(t)=O(t)=a(h-h°), is 
represented by the red line.  The area above the red line is the regime where recharge is 
greater than outflow so that head is rising. The area below the red line is the regime 






4.2 Solving with Finite Differences 
 The mass balance equation in Equation (1) was solved using a block centered 
finite-difference scheme (McDonald and Harbaugh, 1988) to track inflow, outflow, and 









Figure 9– Block centered nodes of the type used by MODFLOW (McDonald and Harbaugh, 1988) tracks 
water movement at boundaries of each cell using a center node. 
 
 Assuming the grid in Figure 9 is aligned with the principal directions of anisotropy 
in permeability, the fluid motion into and out of the center cell in the x direction is given 
by Darcy’s Law :  
𝑄 = −𝐾∆𝑦∆𝑧 (
∆ℎ
∆𝑥
)  (2) 
 where: 
 Q = flow rate  (L3/T) 
 K = conductivity  (L/T) 
 h = head (L) 
 x  = length of cell in x-direction (L) 
 y  = length of cell in y-direction (L) 
 z  = length of cell in z-direction (L) 
  
Transmissivity is defined as: 




 T  = transmissivity (L2/T) 
 K  = conductivity (L/T) 
 z  = thickness of the aquifer (L) 
 











(−ℎ𝐶 + ℎ𝑊 + ℎ𝐸 − ℎ𝐶) =
𝑇𝑥∆𝑦
∆𝑥
(ℎ𝑊 − 2ℎ𝐶 + ℎ𝐸)  (4) 











(−ℎ𝐶 + ℎ𝑆 + ℎ𝑁 − ℎ𝐶) =
𝑇𝑦∆𝑥
∆𝑦
(ℎ𝑆 − 2ℎ𝐶 + ℎ𝑁)  (5) 




(ℎ𝑊 − 2ℎ𝐶 + ℎ𝐸) +
𝑇𝑦∆𝑥
∆𝑦








(ℎ𝑊 − 2ℎ𝐶 + ℎ𝐸) +
𝑇𝑦∆𝑥
∆𝑦∆𝑥∆𝑦







  (6) 
 where: 
 𝑇𝑥  = transmissivity in the x direction (L
2/T) 
 𝑇𝑦  = transmissivity in the y direction (L
2/T) 
 k = time level 
 ∆t = time step size, i.e. time level k+1 – time level k 
 Ss = specific storage (L-1) 
 h = head (L) 
 x  =  length of cell in the x-direction (L) 
 y  = length of cell in y-direction (L) 
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 z  = length of cell in z-direction (L) 
 C = center node 
 N  = node in the “north” direction in respect of C (figure 9) 
 S  = node in the “south” direction in respect of C (figure 9) 
 E  = node in the “east” direction in respect of C (figure 9) 
 W  = node in the “west” direction in respect of C (figure 9) 
 
The left side is then labeled in a time-centered (Crank-Nicolson) scheme (Crank and 
Nicolson, 1947).  The time-centered scheme is unconditionally stable, as long as the 
weights on the implicit terms are greater than or equal to 1 2⁄  (as written in the first two 






































  (7) 
 This equation is in each cell was solved with the MODFLOW code (McDonald 
and Harbaugh, 1988) using iterative solution techniques. 
 This equation is solved according to boundaries defined and initial conditions 




 A simplified model was developed to represent the aquifer as the basis for 
facilitating an interpretive finite-difference approach for the numerical study of mass 
balance relationships.  The model is not intended to exactly replicate the MW2 
monitored aquifer, but represent the gross hydraulic aspects of it, for the purposes of 
understanding mass balance behavior, not for making detailed predictions of head in 
21 
 
MW2.  The aquifer was represented in the finite difference model as a single layer 
square using a 10x10 grid with a500 m x 500 m cell area.  The base of the model was 
taken to be at an elevation of 300 m.  A head-dependent flux boundary condition with an 
external head of 301 was adopted.  In a calibration using a representative of annual 
average values for recharge (see Table 6 below) and assuming steady state, a 
transmissivity value of 500 m/d and a boundary leakance parameter of 3x106 1/d gave a 
head values representative of the average saturated thickness in the aquifer (~305 m).  
Storativity was initially set at 0.1, and in finding that the results are not sensitive to 
changes in the parameter, this value was used in all simulations .  The model was run 
using the Strongly Implicit Method (SIP) with a convergence criterion of 0.0001 m 
(McDonald and Harbaugh, 1988).  
 Two different transient models were run, using the greatest and the least values 
for recharge estimated above.  These were the recharge values for the pan evaporation 
method (Farnsworth, et al.,1982) and the Thornthwaite and Mather (1957) 
evapotranspiration method, respectively. To determine starting heads for the transient 
runs, a steady-state run was done using the weighted average monthly recharge 





NRCS PE Estimate TM PET Estimate
8.0695E-04 1.2361E-03
Table 5: Weighted Average Monthly Recharge for Steady State 
Run in Meters per Day
22 
 
 For the transient runs of the models the final heads for the steady state runs 
were applied as the starting head values.  Twenty-four time time steps, with the duration 
of each equal to the number of days in a respective month, were used to run the model 
for a two year span, starting in April.  April was chosen as the initial month because the 
hydraulic heads in April were closest to the yearly average hydraulic head values.  
Recharge values used in each period can be seen in Table 6, with April representing 



























































































































































































































































































































































 To spin up the model the final head values were read in as initial starting heads and the 
model was run again, this was done once for each model.  Figures 10 and 11 show that 
head in the center of the aquifer varied with a trendless periodicity in the second year, 
indicating that no further spinning up of the model was needed in either case.   
 
 
Figure 10– Center-cell head values in model using NRCS PE estimates for recharge values. 
 
 
Figure 11– Center-cell head values in model using TM PET estimates for recharge values. 
 
 Model results were graphed with respective recharge curves and areas of 
paradoxical behavior were identified (Figures 12 and 13).  Given the results from both 
methods of calculating recharge, the model suggests falling-head paradoxical behavior 
can be expected from January to February and rising-head paradoxical behavior can be 





Figure 12– Model result with recharge curve calculated from NRCS PE estimated recharge.  Encircled areas 
show where paradoxical behaviors occur in model.  Results shown with numbered months, where 1 
represents January, 2 February, etc.  Areas with falling-head paradoxical behavior occur here between 
January and February and rising-head paradoxical behavior is seen between September and October. 
 
 
Figure 13– Model result with recharge curve calculated from the TM PET estimated recharge.  Encircled 
areas show where paradoxical behaviors occur in model. Results shown with numbered months, where 1 
represents January, 2 February, etc.  Areas with falling-head paradoxical behavior occur here between 




5. Data Analysis 
 The long-term monthly hydraulic head data from MW2 and the precipitation data 
for southwest Ohio, and corresponding estimates of monthly recharge were analyzed 
and compared to the behavior expected from the results of numerical modeling above.  
26 
 
In section 5.1 the average behavior was determined by calculating the monthly average 
values for each time series and examining the average month-to-month behavior.  In 
section 5.2 the behavior in each year on record was examined and the statistics for 
percentage of each type of behavior were examined.  These statistics are compared to 
the average expected behavior from the numerical models in section 5.3. 
 
 
5.1 Monthly Average Behavior 
   Measured monthly hydraulic head values spanning 30 years for monitoring well 
MW2 (Vasko, et al., 2017) were used to calculate an average representative hydraulic 
head value for each month.  Precipitation monthly average measurements from ODNR 
(Kirk, S. C., 2018) for the years 1895–2016 were used to calculate monthly average 
precipitation.  Using the monthly average precipitation, recharge was estimated using 
the NRCS PE (Farnsworth, et al., 1982) estimated recharge adjustments shown in Table 
3 and TM PET (Thornthwaite and Mather, 1957) estimated recharge adjustments shown 
in Table 4.  These recharge estimation methods are the same as discussed in section 


































































































































































































































































































































































































































































































































































































































   
 Expected monthly behavior was identified by comparing average hydraulic head 
behavior with ODNR precipitation averages (Table 8), NRCS PE Recharge estimate 
averages (Table 9), and TM PET recharge estimate averages (Table 10).  As months of 
the year have a varying number  of days, monthly behavior results were further analyzed 
by calculating average daily recharge from average monthly recharge.  Results are 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 Rising head paradoxical behavior occurred between January and February in all 
three analyses.  In Table 8 it is seen that ODNR precipitation averages rise monthly and 
daily from April to May, but only monthly from June to July.  July average precipitation is 




5.2 Percentages of Behavior 
    Head and recharge behaviors were identified for each month–to–month transition 
of the 30 years on record for MW2 head measurements during the months of November 
through March.  These behaviors were then calculated by percentage of occurrence for 
each month–to–month transition.  Winter monthly transitions were chosen for the 
analysis because evapotranspiration is negligible and thus the estimates of recharge are 






November–December December–January January–February February–March
Rising Head 
Paradoxical Behavior
30.77% 46.15% 46.15% 14.81%
Rising Head Behavior 34.62% 30.77% 15.38% 37.04%
Falling Head 
Paradoxical Behavior
26.92% 7.69% 15.38% 33.33%
Falling Head Behavior 7.69% 15.38% 23.08% 14.81%
Rising Head Behavior
Rising Head Paradoxical 
Behavior





26.92% 46.15% 42.86% 25.93%
Rising Head Behavior 38.46% 30.77% 14.29% 25.93%
Falling Head 
Paradoxical Behavior
30.77% 7.69% 14.29% 25.93%
Falling Head Behavior 3.85% 15.38% 28.57% 22.22%
Rising Head Behavior
Rising Head Paradoxical 
Behavior
Rising Head Paradoxical 
Behavior




23.08% 46.15% 42.86% 25.93%
Rising Head Behavior 42.31% 30.77% 14.29% 25.93%
Falling Head 
Paradoxical Behavior
30.77% 7.69% 14.29% 25.93%
Falling Head Behavior 3.85% 15.38% 28.57% 22.22%
Rising Head Behavior
Rising Head Paradoxical 
Behavior
Rising Head Paradoxical 
Behavior
No Typical Behavior — 
Head Typically Rises
Most Frequent Behavior
Table 11- Percent of Times Head Behaviors Occurred Between Winter Months From 1986 to 2016
ODNR Precipitation 
NRCS PE Recharge 
Estimate






5.3 Comparison of Expected Behavior and Numerical Model    
 Monthly behavior results based on average values seen in section 5.1 were used 
in comparison to behaviors seen in model results (represented graphically in Figures 12 
and 13).  Behaviors from model results were the same in most months as expected 
monthly head behavior from NRCS PE recharge estimate and TM PET recharge 
estimate analyses (Table 12).  Importantly, the model was not intended to exactly 
replicate head behavior seen in MW2 data, but to show that paradoxical behavior will 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































5.4 Deviations in Expected Paradoxical Behavior 
 
 In Table 11 it can be seen that Rising Head Paradoxical Behavior is the average 
expected behavior from December to January and January to February.  During these 
months Falling Head Paradoxical Behavior, the opposite to the paradoxical behavior 
expected, occurred on occasion.  For December to January Falling Head Paradoxical 
Behavior occurred a minority of the time, and in January to February Falling Head 
Paradoxical Behavior was seen as often as Rising Head Behavior (Table 11).  Daily 
rainfall data was available for comparison (Cox, 2017), to identify these anomalies in the 













































































































































































































































































































































































































































































































































































































































 In several instances, sampling artifacts were the reason for the apparent 
opposite paradoxical behavior.  From January to February, 1989, the hydraulic head 
measurements were taken six days apart, on January 30th and February 5th, which 
excluded the majority of the precipitation that occurred in February from being reflected 
in the measurement for hydraulic head in February. The hydraulic head levels measured 
can be seen in orange in figure 14, with precipitation amounts reflected in blue.   
 
 
Figure 14– Hydraulic head measurements for MW2 seen in comparison to days when precipitation occurred.  
Areas in grey are where daily precipitation occurred which would have been reflected in the Southwestern 
Region of Ohio’s total monthly precipitation value but did not impact the change in hydraulic head level from 
month–to–month.  Here it can be seen that the majority of precipitation for February 1989 had no impact on 
the hydraulic head value reflected in the measurement for MW2 for that month. 
 
 Figure 15 shows the measured hydraulic head in MW2 and daily precipitation in 
December 1992 and January 1993.  In this instance the hydraulic head measurements 
occurred early in these months, on December 7th and January 6th.  The measured value 
for hydraulic head in January would therefore not reflect the groundwater behavior that 
occurred given the monthly total precipitation that was reflected in the Southwest Region 




Figure 15– Hydraulic head measurements for MW2 seen in comparison to days when precipitation occurred.  
Areas in grey are where daily precipitation occurred which would have been reflected in the Southwestern 
Region of Ohio’s total monthly precipitation value but did not impact the change in hydraulic head level from 
month–to–month.  Here it can be seen that the majority of precipitation for January 1993 had no impact on 
the hydraulic head value reflected in the measurement for MW2 for that month. 
 
 From January to February 2003 a sampling artifact affected the apparent 
behavior that occurred.  Here the measurements for hydraulic head in MW2 were taken 
in the middle of both months, showing falling head behavior.  In February of 2003 the 
majority of the precipitation occurred later in the month, making the monthly total 
precipitation value higher without having an impact on the hydraulic head levels that 
were measured.  This can be seen in Figure 16.  In this instance the date hydraulic head 
measurements were made did not affect results, rather monthly average precipitation for 
the month of February was not an accurate proxy for precipitation that occurred inside 






Figure 16– Hydraulic head measurements for MW2 seen in comparison to days when precipitation occurred.  
Areas in grey are where daily precipitation occurred which would have been reflected in the Southwestern 
Region of Ohio’s total monthly precipitation value but did not impact the change in hydraulic head level from 
month–to–month.  Hydraulic head measurements were taking mid–month in January and February 2003; 
however, the majority of rainfall for February occurs after the head measurement for the month. 
 
6. Discussion and Conclusion 
 Whether evaluated by long term averages, or by yearly percentages, paradoxical 
rising head is an expected behavior in early winter and paradoxical falling head is an 
expected behavior in late summer / early fall.  The simplest explanation for these 
behaviors is through a consideration of mass balance, as was represented in an 
interpretive numerical model developed to represent the system.  In early winter, though 
precipitation and recharge may fall from one month to the next (e.g. January to 
February), that amount of recharge still exceeds the outflow from the aquifer and thus 
head rises with the increase in groundwater storage.  In the late summer / early fall, 
though precipitation and recharge may rise from one month to the next, (e.g. September 
to October), the amount of recharge is less than the outflow from the aquifer and thus 
head falls with the decrease in groundwater storage. 
 Results remained consistent regardless of method used to calculate recharge, 
suggesting a low level of sensitivity to method chosen.  In some instances sampling 
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